We developed an alternative nested-PCR-restriction fragment length polymorphism (RFLP) protocol for the detection of Cyclospora cayetanensis in environmental samples that obviates the need for microscopic examination. The RFLP method, with the restriction enzyme AluI, differentiates the amplified target sequence from C. cayetanensis from those that may cross-react. This new protocol was used to reexamine a subset (121 of 180) of surface water samples. Samples previously positive when the CYCF3E and CYCR4B primers (33) and RFLP with MnlI (20) were used were also PCR positive with the new primers; however, they were RFLP negative. We verified, by sequencing these amplicons, that while two were most likely other Cyclospora species, they were not C. cayetanensis. We can detect as few as one oocyst seeded into an autoclaved pellet flocculated from 10 liters of surface water. This new protocol should be of great use for environmental microbiologists and public health laboratories.
Cyclospora cayetanensis is a sporulating parasitic protozoan first characterized by Ortega et al. (31) . It is a human pathogen that infects epithelial cells of the upper small intestine, usually the jejunum, and causes gastrointestinal distress and, in some cases, a low-grade fever (5) . The United States and Canada experienced a number of large foodborne outbreaks in the 1990s (18) , and in other developed countries, infection has been largely linked to international travel (37) . In many developing countries, transmission has been associated with water (39) , soil (4) , and uncooked herbs and vegetables (32) .
Microscopic detection methods take advantage of the oocyst's autofluorescence under UV light (31) . Under a 365-nm dichromatic filter, C. cayetanensis oocysts autofluoresce dark blue, and under a 450-to 490-nm dichromatic filter, they autofluoresce mint green (31) . While a trained microscopist can easily examine a few low-volume samples, examination of a large numbers of stool, food, and environmental samples is difficult and tedious.
Thus, molecular-analysis-based methods have been explored because of the potential for automation and high throughput. Ribosomal DNA is the most abundant constituent of nucleic acids within eukaryotes (45) , and the 18S small-subunit ribosomal DNA (18S ssrDNA) contains highly conserved regions punctuated by sequences of hypervariability, making it an attractive region on which to focus. The first PCR method for clinical diagnosis, developed by Relman et al. (33) , targeted this region. The outer primers, CYCF1E and CYCR2B, are Eukarya specific; the inner primers, CYCF3E and CYCR4B, were designed to specifically target C. cayetanensis. When it was noted that the inner primers would also amplify some Eimeria species, a restriction fragment length polymorphism (RFLP) method that uses the restriction enzyme MnlI was developed by Jinneman et al. (20) to distinguish C. cayetanensis from Eimeria spp. This nested-PCR-RFLP protocol is commonly used to detect this organism in stool (10, 30) , foodstuffs (21, 26) , and environmental waters (39; J. M. Shields (11) . These four species show a high degree of homology in the inner (CYCF3E and CYCR4B) PCR product (37) . While there are differences in the sequences of this region, none of these occur within MnlI sites; therefore, these four Cyclospora species appear identical by PCR-RFLP analysis.
During a monitoring study of the Santa Ana River (SAR) in California, we detected a number of samples that were PCR (33)-RFLP (20) positive for C. cayetanensis but were unable to confirm these microscopically because of heavy debris and large concentrated volumes (5 to 8 ml of packed pellet for highly turbid waters). When other Cyclospora species sequences became available (11), we reexamined the 18S ssrDNA regions of the four available Cyclospora species sequences. We identified a hypervariable region and designed a nested-primer PCR-RFLP protocol that does not need microscopic confirmation. This protocol will be useful to microbiologists working with environmental samples and foodstuffs that come into contact with water and soil. Here, we describe the protocol and the results we obtained.
sequences of the outer fragment primers were 5Ј-ATAACGAACGAGACCTT AGCCT (CYCAO1) and 5Ј-AAGGATGCAAAAGTCGTAACAC (CYCAR1). The inner fragment primers were CYCAI2 (5Ј-CAGGTCTGGGTAATCTTTT GAG-3Ј) (forward primer) and CYCAR1 (reverse primer).
(iii) Theoretical determination of new-primer (CYCAO1, CYCAI2, and CYCAR1) specificity. The new primers were compared to those species identified during a BLAST inquiry (1) . The 18S ssrDNA sequences of 31 species of Eimeria (11 complete and 20 partial), Isospora robini (complete), and the four Cyclospora species (complete) were examined. Tables 1, 2 , and 3 list the species identified and examined (along with their GenBank accession numbers). These tables include the sequence where the inner primer may bind, the T m (midpoint temperature in degrees Celsius) calculated as described by Rychlik and Rhoads (34) [T m ϭ 64.9 ϩ (yG ϩ zC Ϫ 16.4)/(wA ϩ xT ϩ yG ϩ zC)], the resultant amplicon size in base pairs (when the complete 18S ssrDNA sequence is available), the predicted AluI fragments, and other pertinent information.
(iv) PCR with primers CYCAO1, CYCAI2, and CYCAR1. The PCR components, in a final volume of 50 l, were 50 mM KCl, 10 mM Tris-HCl (pH 8. 
RFLP methods. (i) Confirmation of PCR products (CYCF3E and CYCR4B) by RFLP with
MnlI. The positive PCR products from the second reaction (10 l) were digested as described by Jinneman et al. (20) . Fragments were separated on a 4% NuSieve agarose gel (BioWhittaker Molecular Applications, Rockland, Maine) at constant current in Tris-borate-EDTA buffer for approximately 1.5 h. The agarose gels, containing ethidium bromide (0.5 g/ml), were photographed under UV light with a gel documentation system (UVP ImageStore 5000; UltraViolet Products Ltd., Cambridge, United Kingdom).
(ii) Confirmation of PCR products (CYCAI2 and CYCAR1) by RFLP with AluI. The positive PCR products from the second reaction (10 l) were digested with 1 U of AluI (New England Biolabs) at 37°C for 2 h. Fragments were separated, visualized, and photographed as described above. 
RESULTS
Environmental samples positive by PCR with primers CYCF3E and CYCR4B and RFLP with MnlI. During our initial SAR monitoring study, we detected five samples that were PCR-RFLP positive for C. cayetanensis as described by Relman et al. (33) and Jinneman et al. (20) . Figure 1 is the RFLP analysis of these samples. An additional sixth positive sample was detected in water from the SDC (Irvine, Calif.). Digestion of these PCR products (primers CYCF3E and CYCR4B) with the restriction enzyme MnlI resulted in three fragments of approximately 150, 115, and 50 bp (20) . While the presence of multiple bands seen in the electrophoresis gel may be the result of incomplete digestion, PCR products from environmental samples are rarely homogeneous and thus may also indicate the presence of amplicons amplified from other, closely related organisms, such as Eimeria species, in the DNA extract.
The PCR products from four of the positive environmental samples were cloned and screened by RFLP with MnlI (Fig. 2) . While 4 (lanes 4, 7, 8, and 10) of the total of 10 isolates showed RFLP banding patterns not consistent with C. cayetanensis, 6 were consistent.
Four isolates (lanes 1, 2, 6, and 9 in Fig. 2 ) were sequenced and aligned (Fig. 3) . While there are a few base pair differences among the environmental sample isolates and C. cayetanensis, the homology patterns are similar to those found among the available Cyclospora species sequences. In addition, as with Cyclospora species, none of the differences occur within the MnlI sites. Since we were unable to microscopically (under light and epifluorescence illumination) confirm these samples as C. cayetanensis, we reexamined the 18S ssrDNA region and identified a hypervariable area between bp 1486 and 1743. We developed a new nested-primer set and RFLP method.
Theoretical analysis for cross-reactivity of new primers. The outer forward primer (CYCAO1) and the reverse primer (CYCAR1) were identified in all 16 species for which the entire 18S ssrDNA sequence was available (Tables 1 and 2 ). As shown in Table 1 , the inner primer (CYCAI2) was found in all Cyclospora species, Eimeria necatrix, and Eimeria tenella and a very similar site was seen in Isospora robini. However, RFLP with AluI showed a distinctly different banding pattern (98-, 88-, 55-, and 15-bp fragments) for C. cayetanensis. Enzyme digestion of the two Eimeria species produces only two bands, while that of I. robini results in three. With two of the Cyclospora species, three bands are produced and digestion of C. papionis generates two. Table 2 lists those organisms that contain a site with high, although not exact, homology to primer CYCAI2. Since PCR stringency may be inadvertently de- 
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creased through errors during amplification or the presence of substances in the extract, we calculated T m values (degrees Celsius) (34) at which mismatched primer annealing could occur. We determined that even if these species were amplified, AluI digestion would clearly distinguish them from C. cayetanensis. Table 3 lists those species containing a sequence similar to the CYCAI2 primer but whose complete 18S ssrDNA sequence was not available. It is impossible to predict that amplicons from these species will not contain AluI sites at the same locations as C. cayetanensis. Since RFLP patterns for the Eimeria species listed in Tables 1 and 2 resulted in no more than two bands (155 to 160 bp and 95 to 98 bp), it is unlikely that those listed in Table 3 will cause confusion in differentiation. However, further sequencing of these species, as well as other Cyclospora species, would be prudent.
Minimum detection of oocysts and target DNA. Our minimum detection limit, with primers CYCAO1, CYCAI2, and CYCAR1 assuming 100% recovery of DNA from the seeded environmental sample, was 0.75 oocyst (1.04 ng of genomic DNA as template) (Fig. 4) . Since each oocyst contains four sporozoites and there are generally multiple copies of the 18S ssrDNA, detection of a fraction of an oocyst is reasonable. Our earlier work (Shields and Olson, Abstr. Gen. Meet. Am. Soc. Microbiol.) indicated a detection limit of one oocyst per liter of deionized water with the primers developed by Relman et al. (33) . The first electrophoresis gel of the seeded environmental sample amplicons showed a considerable amount of smearing (data not shown), although a 257-bp band was visible; therefore, the second reaction was repeated with a 1:10 dilution of the first reaction product. No amplification was seen in unseeded environmental samples, and the interference assay, which used DNA extract inoculated with 260.5 pg of positivecontrol plasmid, showed little inhibition (Fig. 4) .
Application of PCR with primers CYCAO1, CYCAI2, and CYCAR1 and RFLP with AluI to environmental samples. We applied our new PCR-RFLP protocol to the previously positive environmental samples. While these samples appeared positive with primers CYCF3E and CYCR4B and RFLP with MnlI (Fig. 1, 2, and 3) and remained PCR positive with primers CYCAO1, CYCAI2, and CYCAR1, RFLP analysis with AluI produced negative results (Fig. 5) .
To confirm these results, we isolated selected individual PCR amplicons and sequenced them. Figure 6 is an alignment of Cyclospora species and two of the isolates with sequences most closely related to C. cayetanensis. These amplicons were isolated from the samples in lanes 2 and 7 ( Fig. 5) , i.e., SARVB and SARYL, respectively. Both of these samples had previously been identified as C. cayetanensis with primers CYCF3E and CYCR4B (33) and RFLP with MnlI (20) , and they correspond to those sequenced isolates shown in Fig. 2 . In Fig. 6 , each of these environmental isolate sequences contains one AluI site. C. colobi and C. cercopitheci contain two sites, and C. cayetanensis contains three. Thus, while they are likely Cyclospora species given the sequence similarity, they are clearly not C. cayetanensis. While the protocol using PCR with primers CYCF3E and CYCR4B (33) and RFLP with MnlI (20) is clearly able to identify C. cayetanensis oocysts in stool samples, it must be combined with microscopic confirmation to produce reliable results for environmental samples. Our newly designed primers and RFLP differentiate C. cayetanensis from Eimeria and other Cyclospora species, thus allowing researchers and public health laboratories to confidently identify C. cayetanensis in water and soil samples without microscopic confirmation, saving them time and resources.
Most of the cases of cyclosporiasis that have occurred in the United States and Canada have been linked to imported food (18) ; however, there have been sporadic reports of C. cayetanensis infection in the United States where no food source or history of international travel was implicated (17, 29, 46) . Laboratory surveys of stool samples (collected during nonoutbreak periods), conducted in the United States and United Kingdom between 1992 and 1995, suggested that the prevalence in the general populations was Ͻ0.5% (18) . Nevertheless, C. cayetanensis infection in developed countries has been viewed as linked either to travel or to foods imported from developing countries (37) . However, a foodborne outbreak in southwestern Germany in December 2000 (8) suggested that C. cayetanensis may be present in the environmental waters and/or soils of European countries. The sources of this outbreak were epidemiologically traced to butterhead lettuce from southern France, mixed lettuce and leafy herbs from southern Italy, and chives from a greenhouse in Germany. While the implicated lettuce and herbs were no longer available for microscopic or molecular analysis, the relative risk associated with the consumption of these foods and illness was 5.0 (confidence interval ϭ 1.4 Ͻ relative risk Ͻ 204 [P ϭ 0.0045]).
The initial source of contamination of the German outbreak is still unknown. Possibilities include the soil, use of contaminated water for irrigation and pesticide dilution, and the poor sanitary facilities available to seasonal field workers (8) . This outbreak clearly illustrates the potential for C. cayetanensis to become endemic in developed countries. As this potential increases, the need for methods, such as the one described in this paper, that both distinguish among Cyclospora species and differentiate Cyclospora from other coccidian genera becomes increasingly important as these organisms can be found in environmental waters used for irrigation and pesticide dilution.
